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Hydrostatic stress can aﬀect the non-elastic deformation and ﬂow stress of polymeric materials and certain metallic
alloys. This sensitivity to hydrostatic stress can also inﬂuence the fracture toughness of ductile materials, which fail by void
growth and coalescence. These materials typically contain a non-uniform distribution of voids of varying size-scales and
void shapes. In this work, the eﬀects of void shape and microvoid interaction in pressure-sensitive materials are examined
via a two-prong approach: (i) an axisymmetric unit-cell containing a single ellipsoidal void and (ii) a plane-strain unit-cell
consisting of a single large void and a population of discrete microvoids. The representative material volume in both cases
is subjected to physical stress states similar to highly stressed regions ahead of a crack. Results show that oblate voids and
microvoid cavitation can severely reduce the critical stress of the material. These eﬀects can be compounded under high
levels of pressure-sensitivity. In some cases, the critical stress responsible for rapid void growth is reduced to levels com-
parable to the yield strength of the material. The contribution of void shape and pressure-sensitivity to the thermal- and
moisture-induced voiding phenomenon in IC packages is also discussed.
 2005 Elsevier Ltd. All rights reserved.
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Quasi-static crack growth computations for pressure-insensitive materials obeying a von Mises yielding
have been well documented in the literature. Experimental studies have shown that the deformation of poly-
mers and certain metal alloys diﬀer from the von Mises material in two important aspects: (i) yield stress is
dependent on hydrostatic pressure and (ii) plastic ﬂow is non-volume preserving (Spitzig and Richmond,
1984; Quinson et al., 1997). In this regard, Li and Pan (1990a,b) observed that pressure-sensitivity substan-
tially alters the near-tip stress ﬁelds. Dong and Pan (1991) further showed that the level of pressure-sensitivity
strongly inﬂuences the size and shape of the plastic zone. More recently, Chowdhury and Narasimhan0020-7683/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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high hydrostatic stress levels observed by Varias et al. (1991) and enhance the fracture toughness of the layer.
It is evident that pressure-sensitivity can change the fracture response of a material.
Many ductile engineering materials contain voids, which originate from imperfections during fabrication or
from void nucleation at second-phase inclusions during deformation. Failure of the material then occurs by
the micromechanical process of void growth and coalescence. An important aspect of ductile fracture is the
cavitation instability phenomenon, which is known as the rapid nucleation and growth of one or several voids
in a solid under suﬃciently high hydrostatic stress. Such an internal rupture phenomenon can occur in highly
constrained components in electronic packages (Huang et al., 1996; Guo and Cheng, 2001, 2003). Studies
characterizing the role of cavitation instabilities in von Mises solids were conducted by Huang et al. (1991)
and Tvergaard et al. (1992) for ductile metals, and Tvergaard (1999) and Steenbrink and Van der Giessen
(1997) for polymers. Focusing on pressure-sensitive solids, Chang and Pan (1997) studied the spherical void
expansion in polymers and observed the cavitation stress to decrease with increasing pressure-sensitivity. In
the same spirit, Narasimhan (2004) analyzed the spherical indentation response of plastics, and found the
mean contact pressure to increase with pressure-sensitivity.
The above studies pertaining to voiding-induced fracture were limited to the consideration of cylindrical or
spherical void shapes. The voids found in actual solids are rarely of these idealized shapes. Moreover, an ini-
tially spherical void in the matrix material could evolve into a non-spherical shape under deformation. To this
end, Lee and Mear (1992, 1999) assessed the role of void shape on the overall response of porous solids for a
wide range of shape parameters. They observed that ellipsoidal voids tend to coalesce more rapidly than cir-
cular voids, and could inﬂuence the macroscopic fracture behavior of a von Mises solid. In a separate study,
Pardoen and Hutchinson (2000) showed the contribution of void shape eﬀects to the onset of coalescence
could be reduced with increasing stress triaxiality.
Solids which fail by ductile fracture typically contain a non-uniform distribution of voids of varying sizes.
In metallic alloys, these voids nucleate from several size-scales of inclusions, e.g. MnS inclusions and carbides
in steel (Van Stone et al., 1985). In rubber modiﬁed epoxies, the larger pores originate from cavitated rubber
blends or from the decohesion of ﬁller particle/polymer matrix interfaces, while the phenomenon of crazing
can induce the formation of localized microporous zones (Kambour, 1973). Faleskog and Shih (1997) intro-
duced a representative material volume containing a single large void and a population of discrete microvoids
to understand the micromechanics of void growth. Final rupture was dominated by a succession of rapidly
growing microvoids, which involved the synergistic interaction between elasticity associated with high stress
triaxiality and stiﬀness softening caused by plastic yielding. Similarly, Tvergaard (1998) studied the behavior
of very small voids growing in the region between two larger voids, and aﬃrmed the importance of plastic ﬂow
localization in driving the cavitation of suﬃciently small voids. Perrin and Leblond (2000) performed an ana-
lytical study of void growth arising from two populations of cavities of diﬀerent size-scales. They observed
that the smaller cavities in certain cases could reach coalescence prior to the larger ones. To-date, there are
few studies pertaining to the interaction between voids of various size-scales in a pressure-sensitive matrix.
In this work, we examine the macroscopic response of porous pressure-sensitive dilatant materials subjected
to physical stress states similar to highly stressed regions ahead of a crack. The pressure-sensitive yielding is
described by a linear combination of the mean stress and eﬀective stress, while both associated and non-
associated ﬂow rules are used. The study will be divided into two parts. In Part I, the coupled eﬀect of
pressure-sensitivity and void shape is examined using an axisymmetric unit-cell model containing a single void.
The contribution of these parameters to the thermal- and moisture-induced voiding phenomenon in IC
packages is also discussed. In Part II, we study the interaction between a single large void and a population
of discrete microvoids in a pressure-sensitive plane-strain cell model.2. Material model
Under isothermal conditions and small elastic strains, the material model is based on an additive decom-
position of the deformation rate d into an elastic part de and a plastic part dpd ¼ de þ dp ð1Þ
6382 H.B. Chew et al. / International Journal of Solids and Structures 43 (2006) 6380–6397The elastic part of the deformation rate is given byde ¼ 1þ m
E
r
O m
E
trðrOÞI ð2Þwhere E is the Young’s modulus, m the Poisson’s ratio, r
O
the objective co-rotational Cauchy stress rate and I
the identity tensor.
Experimental evidence shows that the plastic behavior of polymeric materials and certain metallic alloys
diﬀer considerably from the von Mises material. Such behavior can be explained by assuming a yield criterion
based on a linear combination of the mean stress and eﬀective stress (Spitzig and Richmond, 1984; Quinson
et al., 1997). We employ the pressure-sensitive yield criterionﬃﬃﬃﬃﬃﬃﬃ
3J 2
p
þ rm tan a r^ ¼ 0 ð3Þ
where J2 is the second invariant of the deviatoric part of the Cauchy stress tensor r, rm = rkk/3 the mean
stress, a the pressure-sensitivity index, and r^ the ﬂow stress of the subsequent yield surface. We assume the
ﬂow potential to take the formU ¼
ﬃﬃﬃﬃﬃﬃﬃ
3J 2
p
þ rm tan b ð4Þwhere b is the index for plastic dilatancy. The Drucker–Prager yielding condition (3) together with the ﬂow
potential (4) can describe the pressure-sensitive dilatant behavior of the material. The plastic part of the defor-
mation rate dp is given by the non-associated ﬂow ruledp ¼ _p oU
or
ð5Þwhere _p 
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q
is the accumulated strain rate, in which ep signiﬁes the deviatoric part of dp.
The ﬂow stress r^ is a function of the accumulated plastic strain p ¼ R _p dt. For a power-law plastic hard-
ening solid, one hasr0
E
r^
r0
 1=N
 r^
E
¼ p ð6Þwhere N is the hardening exponent ranging from 0 to 1, and r0 the initial yield stress under shear which is
related to the initial tensile and compressive yield stresses rt0 and r
c
0, byr0 ¼
1þ 1
3
tan a
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rc0 for compression
(
ð7ÞThe pressure-sensitivity index a can be determined by rt0 and r
c
0 asa ¼ tan1 3 r
c
0  rt0
rc0 þ rt0
 
ð8ÞExperimental studies show that the a levels of certain metallic alloys range between 0 and 8 (see Table 1 in
Stoughton and Yoon, 2004; Iyer and Lissenden, 2003). In polymeric materials, typical a levels range between
0 and 23 (Quinson et al., 1997).3. Numerical modeling
This section describes the numerical procedure for the single void cell study. Numerical details for the mul-
tiple size-scale void interaction study are presented in Section 5. Ductile fracture occurs by the micromechan-
ical process of void growth and coalescence. From statistical averaging, we assume that the voids are
uniformly dispersed in the matrix material. The microstructure can then be described using an array of
unit-cells, each containing a single void. Fig. 1 shows the initial cell geometry used. The unit-cell is subjected
to axisymmetric deformation, and a cylindrical coordinate system with orthonormal frame {eq,e/,ez} is
adopted there. The outer boundary of the cell has an initial radius R. The void is initially ellipsoidal with
Fig. 1. A unit-cell in an axisymmetric state, with geometric parameters and symmetry lines.
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the void volume fraction f0 = a
2b/R3. The void is oblate when a > b, and prolate when a < b.
3.1. The axisymmetric cell
At ﬁnite strain, the microdeformation gradient F and the ﬁrst Piola–Kirchhoﬀ stress P constitute a primary
work-conjugate pair. Denoting the corresponding macro-variables by F and P, the macro-Cauchy stress R is
then deﬁned byR ¼ J1P  FT ð9Þ
where J ¼ detF. This deﬁnition is equivalent to the volume average of the micro-Cauchy stress r over the cur-
rent deformed conﬁguration of a macro-element. According to Hill (1972), the macro-variables are governed
by surface data of the representative volume element. With respect to the reference conﬁguration of volume V
bounded by surface S, the unsymmetric tensor P of the nominal stress takes the formP ¼ V 1
Z
S
t XdS ð10Þwhere, for the axisymmetric cell shown in Fig. 1, X = qeq + zez denotes the initial position of a typical material
point on the outer surface (kXk = R) and t = tqeq + tzez the surface traction.
On the outer surface of the axisymmetric cell, we apply the homogeneous deformation gradientF ¼ kqðeq  eq þ e/  e/Þ þ kzez  ez ð11Þ
where kq and kz are the principal stretches in the radial and axial directions, respectively. Eq. (11) speciﬁes the
macroscopic principal strains (Eq,Ez) and one eﬀective strain measure EeEq ¼ ln kq; Ez ¼ ln kz; Ee ¼ 2
3
jEz  Eqj ð12ÞThe surface traction vector t in (10) can be expressed in terms of the microscopic Cauchy stress r as
t = P Æ N = Jr Æ FT Æ N, where N is the unit normal vector to the outer surface in the reference conﬁguration.
For the unit-cell in Fig. 1, N = ezcosh + eq sinh. With the aid of (11), one can compute the deformed surface
normal asJFT N ¼ JFT N ¼ k2q cos hez þ kqkz sin heq ð13Þ
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where rij are the local Cauchy stress components on the surface. Substituting (10) and (11) into (9) and using
(14) yieldR ¼ Rqðeq  eq þ e/  e/Þ þ Rzez  ez
whereRq ¼ Iqq þ 1
2
kq
kz
Iqz; Rz ¼ kzkqIqz þIzz ð15ÞwithIqq ¼ 3
2
Z p=2
0
rqq sin
3 hdh; Iqz ¼ 3
2
Z p=2
0
rqz sin 2h sin hdh
Izz ¼ 3
2
Z p=2
0
rzz sin 2h cos hdh
ð16ÞThe macroscopic eﬀective stress Re and macroscopic mean stress Rm are given byRe ¼ jRz  Rqj; Rm ¼ 1
3
ðRz þ 2RqÞ ð17Þwith the stress triaxiality T deﬁned asT ¼ Rm=Re. ð18Þ3.2. Modeling aspects
The displacement prescribed on the remote surface is u ¼ ðF IÞ  X with components
uq ¼ ðkq  1Þq; uz ¼ ðkz  1Þz ð19Þon
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q2 þ z2
p
¼ R. Due to the assumed symmetry only the ﬁrst quadrant in Fig. 1 needs to be analyzed. The
boundary conditions on the symmetry lines areuz ¼ 0; tq ¼ 0 on z ¼ 0
uq ¼ 0; tz ¼ 0 on q ¼ 0
ð20ÞThe computations are performed within the ﬁnite strain setting using the general-purpose ﬁnite element pro-
gram ABAQUS Version 6.3.1 (2002). Fig. 2 shows two examples of the ﬁnite element mesh for the single void
cell model, where axisymmetric four-node bilinear quadrilateral elements are used. The mesh is highly reﬁned
close to the void surface with nearly ﬂat elements to preserve a reasonable aspect ratio for these elements when
deformed to very large strains. A convergence analysis is systematically performed by examining the eﬀects of
mesh reﬁnement. Convergence is considered attained when no change in the macroscopic strain associated
with the peak stress is observed. The mesh is reﬁned accordingly with void size and shape.
4. Single void results
Sources that contribute to the initial porosity of ductile materials include imperfections which exist during
fabrication or from void nucleation at inclusions during deformation. From dimensional considerations, the
macroscopic stresses of the porous solid depend onr0
E
; N ; m; a; b; f 0;
a
b
;
Eq
Ez
ð21Þ
Fig. 2. Finite element mesh for an initially (a) spherical void (b) oblate void (a/b = 3) with porosity f0 = 0.05 in a spherical matrix.
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and the spacing between these inclusions. For polymeric materials used in plastic packages, like BT (bimalei-
mide triazine) epoxy, the estimated void volume fractions based on moisture analysis range from 1% to 5%
(Galloway and Miles, 1997). In glassy polymers, the cavitated rubber particles can be regarded as voids,
and the f0 values range between 20% and 40%.
We subject the single void cell to the macroscopic principal strains Eq and Ez. Proportional straining is
imposed such that the logarithmic strains satisfy
Fig. 3.
m = 0.4
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ð22Þat all times. Under axisymmetric deformation, the remote strain state is fully speciﬁed by w and one strain
parameter. When w = 1, the loading is equi-triaxial straining in the sense of three dimensions. Uniaxial strain-
ing is speciﬁed for w = 0.
Recall that under initial loading, the overall stress–strain behavior of a voided cell can be described by the
Hook’s law with eﬀective elastic moduli. For the understudied axisymmetric deformation, the strain ratio w
for spherical voids is related to the stress triaxiality T byw ¼ 3T  j
3T þ 2j with j ¼
1þ m
1 2m ð23Þfor Rz > Rq. In the above m* represents the eﬀective Poisson’s ratiom ¼ mð14 10mÞ þ f ð1þ mÞð3 5mÞ
14 10mþ f ð1þ mÞð13 5mÞ ð24Þ(see Tandon and Weng, 1988). This relation will be used to check our numerical results in this section.
4.1. Initially spherical voids
Fig. 3 shows the macroscopic stress–strain behavior of a single void cell with initially spherical voids of
porosity f0 = 0.01. The unit-cell is speciﬁed by parameters: r0/E = 0.01, m = 0.4 and N = 0, which are repre-
sentative of polymeric materials. The eﬀects of plastic dilatancy b are studied for two typical pressure-sensitive
levels: a = 0 and 15. Results show that increasing b for a ﬁxed a has some inﬂuence in raising the post-peak
stress levels. This gives rise to a larger work of separation (indicated by the area below stress–strain curve),
hence enhancing the fracture toughness of the material. Plastic dilatancy, however, is observed to have min-
imal impact on the peak axial stress level. Its overall eﬀects are small as compared to that of pressure-sensitive
yielding. For simplicity, pressure-sensitive yielding and plastic dilatancy, in the computations to follow, are
assumed to obey an associated ﬂow rule, i.e. a = b.
Fig. 4(a) displays the stress–strain behavior for an initially spherical cavity of f0 = 0.01 in a polymeric mate-
rial, a = 0–20 spanning the range of pressure-sensitivity appropriate to polymers. We direct attention to the
curves labeled w = 0. For a pressure-insensitive material (a = 0), the axial stress Rz peaks at about 2.6r0.
Beyond this point, Rz decreases as the stress elevation is unable to compensate for the softening from voidStress–strain curves of a cell volume containing a single void showing inﬂuence of plastic dilatancy b under w = 0. r0/E = 0.01,
, N = 0 for f0 = 0.01 with a = 0, 15.
(a)
(b)
Fig. 4. (a) Stress–strain curves of a cell volume containing a single void showing inﬂuence of macroscopic strain triaxialities w = 0.3,0,1.
r0/E = 0.01, m = 0.4, N = 0 for f0 = 0.01 with a = 0, 10, 20. (b) Void evolution contours for f0 = 0.01 with a = 0, 20 under w = 0.
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higher pressure-sensitivity level of a = 20, the peak Rz is further lowered to 1.5r0. Similar eﬀects of a are
observed for w = 1 and 0.3. While the peak axial stress level is weakly dependent on w , the strain level asso-
ciated with the peak Rz increases substantially with a change in the strain state from w = 1 to w = 0.3.
The peak axial stress is associated with rapid unstable void growth. This phenomenon can be seen from the
void evolution contours in Fig. 4(b) for a = 0 and 20, under w = 0. The dotted lines in the ﬁgure depict the
void evolution at the peak axial stress level. Observe the marginal void growth for both a = 0 and 20 prior
to this peak axial stress level. Beyond this point, void growth becomes very rapid (see evolution contours for
Ez/(r0/E) = 4 and 6). The extent of void growth (for a ﬁxed strain level) is reduced with an increase in pres-
sure-sensitivity.
The peak axial stress–strain results for metallic materials, represented by r0/E = 0.002, m = 0.3, are summa-
rized in Table 1 for typical initial porosity levels of f0 = 0.001 and f0 = 0.01. A moderate strain hardening
parameter of N = 0.1 is assumed. Pressure-sensitivity levels of a = 0–8 is in the range relevant to metallic
materials. In spite of the low a levels for metallic materials, we note that the associated drop in the sustainable
axial stress Rz with increasing a is considerably large. This suggests that the pressure-sensitivity eﬀect, wher-
ever it exists, should be taken into account. This ﬁnding is also supported in Spitzig and Richmond (1984),
where the importance of the tension–compression strength-diﬀerential in both steel and aluminum alloys
was recognized.
Table 1
Peak axial stress for r0/E = 0.002, m = 0.3, N = 0.1
Porosity f0 Strain state w Peak Rz/r0 Corresponding Ez/(r0/E)
a = 0 4 8 a = 0 4 8
0.001 0.3 4.95 4.28 3.71 3.26 3.46 3.76
0 5.11 4.38 3.77 1.32 1.24 1.19
1 4.89 4.22 3.60 0.47 0.40 0.35
0.01 0.3 3.65 3.19 2.81 3.66 4.06 4.66
0 3.80 3.32 2.93 1.49 1.54 1.68
1 3.62 3.16 2.78 0.51 0.54 0.59
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For uniformly distributed voids in a matrix material, void growth and coalescence ahead of a crack under
mode I dominant loading can be evaluated by subjecting a representative unit-cell containing a single cavity
to uniaxial straining, w = 0 (see Zhang et al., 2002). Void shape eﬀects pertaining to a polymeric material
(r0/E = 0.01, m = 0.4, N = 0) with f0 = 0.05 and a metallic material (r0/E = 0.002, m = 0.3, N = 0.1) with
f0 = 0.005 for w = 0 are discussed in this section.
Prior to discussing the void shape eﬀects, we ﬁrst examine the stress triaxiality T for spherical voids in poly-
meric and metallic materials for veriﬁcation purposes. Under initial loading, the stress triaxiality for polymeric
materials (computed from the inverse gradient of the curve for a/b = 1, a = 0 in Fig. 5(b)) was observed to be(a)
(b)
Fig. 5. Void shape eﬀects for a cell volume containing a single void under uniaxial straining (w = 0): (a) mean stress as a function of the
evolution of void volume fraction; (b) deviatoric stress against mean stress. r0/E = 0.01, m = 0.4, N = 0 for f0 = 0.05, a = 0, 10.
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triaxiality under initial loading to be around T = 1.08. Substituting the corresponding m and f0 values into (23)
and (24), we obtain the theoretical values of T = 1.88 and 1.08 for polymeric and metallic materials, respec-
tively. These theoretical values are in close agreement with the numerical results.
Fig. 5 displays the void shape eﬀects for a cavity in a polymeric material. Results show that a larger void
aspect ratio for oblate voids (a > b) signiﬁcantly reduces the sustainable peak mean stress level (Fig. 5(a)).
Herein, we term this peak mean stress level as the critical stress Rcm responsible for rapid void growth. As
a/b increases from 1 to 9 for a = 0, Rcm drops by nearly 50% to about 0.85r0, while the sustainable peak devi-
atoric stress is lowered by more than 60% to 0.22r0 (Fig. 5(b)). When coupled with a moderately pressure-sen-
sitive matrix of a = 10, Rcm and the peak deviatoric stress are further reduced to about 0.68r0 and 0.19r0,
respectively. The reduction in both hydrostatic and deviatoric stresses in the cell suggest oblate voids strongly
aﬀect the cell’s stress carrying capacity and void growth.
The critical mean stress for several void shapes in a metallic cell with f0 = 0.005 are summarized in Table 2.
The eﬀects of void shape are comparatively less severe in metallic materials than in polymeric materials. In
metallic materials, pressure-sensitive yielding and oblate voids can reduce the critical mean stress level to
around 2–3r0. By contrast, the combination of large oblate voids in a highly pressure-sensitive polymeric
matrix material can lower Rcm to levels below r0.
4.3. Implications to IC package failure
Pores and cavities form at ﬁller particle–polymer matrix interfaces, at polymer ﬁlm–silicon substrate inter-
faces as well as in molding compounds of IC packages. Moisture diﬀuses to these voids. During reﬂow solder-
ing, surface mount plastic encapsulated devices are exposed to temperatures between 210 C and 260 C. At
these temperatures, the condensed moisture vaporizes. The rapidly expanding water vapor can create internal
pressures within the voids that reach 5–6 MPa (Liu and Mei, 1995). These levels are comparable to the yield
strengths of epoxy molding compounds and epoxy adhesives, whose glass transition temperatures Tg range
between 150 C and 300 C. At the same time, high triaxial stresses can develop at the interfaces due to thermal
mismatches between the highly constrained components. Under the combined action of thermal stress and high
vapor pressure, both pre-existing and newly nucleated voids grow rapidly and coalesce. Some insights into the
thermal- and moisture-induced failures in plastic packages can be found in Chew et al. (2004, 2005a,b).
4.3.1. Traction-free void
The thermal-induced voiding phenomenon described above is studied by subjecting a cavity in a polymeric
material (r0/E = 0.01, m = 0.4, N = 0) to the triaxial strain state w = 1. The coupled eﬀects of void shape and
initial porosity on Rcm are summarized in Fig. 6(a). Our computed R
c
m for a/b = 1, a = 0 closely matches the
radial equilibrium solution described in (26) in Appendix. The cavitation stress is eﬀectively reached as f0
approaches 0. For the purpose of discussion, plots for f0 = 10
4 are representative of the cavitation stress
envelope for the unit-cell—these stress levels will trigger the rapid nucleation and growth of microvoids in
an inﬁnite matrix. A discussion on microvoid interaction eﬀects will follow in Section 5. As compared to
the eﬀects of a, cavitation stress is a weak function of void shape. As f0 increases, however, the eﬀects of void
shape become more interesting. For example, a void aspect ratio of a/b = 15 for f0 = 0.05 will cause a twofold
drop in the critical mean stress level for a spherical void of the same porosity. The eﬀects of void shape areTable 2
Critical mean stress for several void shapes under w = 0
Pressure-sensitivity Critical mean stress Rcm=r0
a a/b = 1/9 1 9 15
0 3.64 3.87 3.21 2.89
4 3.20 3.40 2.84 2.56
8 2.83 3.00 2.53 2.30
r0/E = 0.002, m = 0.3, N = 0.1, f0 = 0.005.
(a)
(b)
Fig. 6. Critical mean stress plots showing (a) void shape eﬀects with void volume fraction under triaxial straining (w = 1); (b) void volume
fraction inﬂuence with pressure dependence parameter under uniaxial straining (w = 0). r0/E = 0.01, m = 0.4, N = 0.
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are highly porous with typical f0 ranging between 1% and 5%. Under suﬃciently high levels of pressure-sen-
sitivity, the mechanical strength of the oblate cavity is further lowered with Rcm falling below r0 (see plots for
a = 20).
For completeness, the combined eﬀects of porosity and pressure-sensitivity on the critical mean stresses for
a cavity in a polymeric material for w = 0 are summarized in Fig. 6(b). The associated drop in Rcm with increas-
ing a is signiﬁcant across all porosity levels. For f0 = 0.05 with a = 0, unstable void growth can be triggered at
a critical stress level of Rcm ¼ 1:5r0 as compared to Rcm ¼ 3r0 for a void-free cavity (see f0 = 105, a = 0).
When coupled with a pressure-sensitive matrix of a = 15–20, the cavity can fail by void rupture at stress lev-
els close to r0.
To gain some insights into the eﬀects of a, we next consider the spherically symmetric void growth in a per-
fectly-rigid plastic matrix with void volume fraction f, subjected to internal pressure p and externally applied
radial stress rAr . In this case, the matrix ﬂow stress in (3) is r^ ¼ r0. It can be shown that the radial equilibrium
solution follows the relation1:1 Eq. (25) can be considered as the macroscopic yielding condition for hydrostatic stress by identifying rAr with the macroscopic mean
stress rm. As a! 0, it reduces to the following form:
2f cosh
3
2
rm þ p
r0
 
 ð1þ f 2Þ ¼ 0
which is the extended Gurson model (Guo and Cheng, 2002) for pressure-insensitive solids, in the absence of the macroscopic Mises stress
re.
Fig. 7.
for f0 =
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r0 þ p tan a ¼
1
tan a
1 f 2 tan a2 tan aþ3
 
ð25Þwhich provides an asymptotic upper-bound solution for the problem at hand. When p = 0, the macroscopic
mean stress (i.e. rAr ) is a decreasing function of a, which explains the drop in R
c
m as a increases from 0 to 20.
See the plots for w = 1 in Fig. 4(a) and a/b = 1 in Fig. 6(a). Similar eﬀects of pressure-sensitivity are antici-
pated under w = 0 (Fig. 6(b)).
4.3.2. Inﬂuence of internal pressure
We next consider a void-containing unit-cell ﬁlled with water vapor to study the moisture-induced failure of
IC packages. Guo and Cheng (2002) showed that the vapor pressure p for fully vaporized moisture can be
derived from the ideal gas law and is dependent on the current void volume fraction f. This holds true for
low moisture content. If the void contains high moisture content, the moisture may not fully vaporize leaving
a two-phase mixture of water and vapor gas. In such cases, vapor pressure can be taken to be a constant (see
phase diagram of water). For our study, vapor pressure is assumed to be constant during the deformation to
describe the high moisture content case. The void surface is subjected to a Cauchy-type traction: t = pn,
where n is the inward normal vector in the current deformed conﬁguration. This pressure p is proportionally
imposed, with the outer boundaries of the cell remaining traction-free.
Fig. 7(a) shows the pressure-induced void growth for a cavity in a polymeric material. A saturated peak
pressure is observed which is associated with rapid unstable void growth; this pressure peak, termed as the
critical pressure pc, is synonymous with the critical mean stress deﬁned in the earlier discussions. For(a)
(b)
Internal pressure eﬀects for a = 0 and 20 on (a) spherical void growth with various f0; (b) void growth with varying void shapes
0.05. r0/E = 0.01, m = 0.4, N = 0.
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porosities considered in this paper. We observe pc to be a strong function of the initial porosity f0. A larger f0
will severely lower the critical stress level responsible for void rupture. As a increases, the critical pressure cor-
respondingly increases. For example, for f0 = 0.01, an increase in a from 0 to 20 raises pc from 2.5r0 to 3.3r0.
This suggests that the eﬀects of vapor pressure are less severe for pressure-sensitive polymers, like the die-
attach or molding compound in electronic packages.
The eﬀects of a under internal pressure loading are diﬀerent from that observed under remote tensile load-
ing. To explain this phenomenon, we refer back to the radial equilibrium solution in (25). By analogy with the
Gurson constitutive model (Gurson, 1977), we note that the internal pressure acting on the spherical cavity
has a twofold eﬀect: it increases the matrix ﬂow stress, as indicated by the left-hand denominator of (25),
and also acts as a driving force for void growth. An increase in pressure-sensitivity a further elevates the
matrix ﬂow stress, which in turn contributes to the increase in the critical pressure pc in Fig. 7(a).
Fig. 7(b) shows the inﬂuence of void aspect ratio for an internally pressured ellipsoidal cavity of porosity
f0 = 0.05. Results show a marked reduction in the critical pressure for increasingly oblate voids, suggesting the
critical pressure to be a strong function of void shape. A comparison between the plots for a = 0 and a = 20,
however, shows the eﬀects of pressure-sensitivity to be apparent only when the initial void shapes are near
spherical.(a)
(b)
Fig. 8. (a) Finite element mesh for a cell element containing a large void with f0 = 0.005, and a population of discrete microvoids; (b)
close-up of the mesh around one of the microvoids.
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The cell study in Section 4 considers a uniform distribution of voids in the matrix material. In actual ductile
solids, the non-uniform distribution of voids of varying size-scales can have an impact on the overall stress-
carrying capacity of the solid.
In this section, we study the void interaction eﬀects in porous ductile pressure-sensitive solids containing
two populations of cavities. Metallic alloys typically contain a dual population of voids of diﬀerent size-scales
which originate from various inclusions (e.g. MnS inclusions and carbides in steel). In rubber modiﬁed epox-
ies, cavitated rubber blends or the decohesion of ﬁller particle/polymeric matrix interfaces constitute the larger
voids, while the deformation mechanism of crazing can induce microvoid formation in the matrix material.
Similar to Faleskog and Shih (1997), the representative material volume consists of a single large void of
f0 = 0.005 with a population of discrete microvoids placed at locations where cavitation instability could
occur, i.e. along the horizontal axis and along the diagonal of the cell (see Fig. 8(a)). Each microvoid has
an initial void volume fraction f m0 ¼ 1:75 104 (Fig. 8(b)). For comparable study of microvoid interaction,
a similar unit-cell consisting of a single large void of the same f0 without microvoids is also used. In both cases,
the ﬁnite element mesh employs six-noded plane-strain triangular elements. Roller boundary conditions are
applied along the symmetric planes of the quarter geometry of the cell volume to be analysed. On a macro-
scale, the unit-cell is subjected to a biaxial strain state w = Exx/Eyy (Ezz = 0), with coordinate directions as
indicated in Fig. 8. These are the logarithmic strains, and the work conjugate quantities Rxx and Ryy are(a)
(b)
Fig. 9. Stress–strain curves of a cell volume with discrete microvoids for several a for (a) w = 0; (b) w = 0.7. r0/E = 0.002, m = 0.3,
N = 0.1.
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tions, respectively.
Investigations are carried out for metallic and polymeric materials, speciﬁed by the parameters: r0/E =
0.002, m = 0.3, and r0/E = 0.01, m = 0.4 respectively. In both cases, a moderate hardening parameter
N = 0.1 is used. Xia and Shih (1995) reported that the range of strain biaxialities 0.7 6 w 6 0 corresponds
to that for a growing crack. We focus on the two limits of strain biaxiality: w = 0 and w = 0.7.
Fig. 9(a) displays the stress–strain behavior of the cell in the metallic material for w = 0. We observe that
the presence of microvoids greatly reduces the stress-carrying capacity of the cell across the range of pressure-
sensitivity levels considered—the peak stress of Ryy is lowered, with a dramatic drop in the post-peak stress
load. For example for a = 4, the presence of microvoids reduces the peak Ryy from 3.0r0 to 2.7r0. The drop
in the post-peak stress load is more pronounced, with Ryy falling by nearly 30% at Eyy = 9r0/E. Our results
further show that as a increases, the overall stresses in the cell correspondingly decreases. The stress–strain
behavior of the cell in the metallic material for low strain biaxiality w = 0.7 is shown in Fig. 9(b). Microvoid
interaction is observed to be signiﬁcant for a = 0. As a increases however, the eﬀect of microvoid interaction
diminishes.
The stress–strain behavior of the cell in the polymeric material is shown in Fig. 10(a) for w = 0, and
Fig. 10(b) for w = 0.7. While the basic trend of these plots follow closely to that for the metallic material
in Fig. 9, microvoid interaction in polymeric material for w = 0 can lower Ryy to levels comparable to the(a)
(b)
Fig. 10. Stress–strain curves of a cell volume with discrete microvoids for several a for (a) w = 0; (b) w = 0.7. r0/E = 0.01, m = 0.4,
N = 0.1.
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meric material with microvoids. Moreover, we note that the higher initial porosities present in actual polymers
can result in much lower stress levels than that predicted in Fig. 10 (see f0 eﬀects in Fig. 6).
Fig. 11(a) displays the void evolution contours for the cell in the polymeric material for w = 0. For both
a = 0 and 15, negligible voiding activity is observed before the peak stress is reached (Eyy = r0/E). In the
post-peak stress regime (Eyy = 2r0/E), microvoids horizontal to the main cavity experience cavitation instabil-
ity—these initial minute voids can grow to volume fractions comparable to the main cavity (see Eyy = 3r0/E).
Microvoid cavitation, induced by high stresses in the matrix material during deformation, is responsible for
the dramatic drop in the post-peak stress-carrying capacity of the cell. Fig. 11(b) displays the void evolution
contours for the cell subjected to low strain biaxiality w = 0.7. Results for a = 0 show void interaction to be
mainly between the main cavity and the neighboring horizontal microvoid. Microvoids located further from
the main cavity including those along the cell’s diagonal experience relatively little growth. By contrast, the
plots for a = 15 show void growth to be solely conﬁned to the main cavity—all the microvoids experience
little or no growth. This explains the virtually indistinguishable plots between that of the single cavity (dotted
lines) and the cavity with discrete microvoids (solid lines) for a = 15 in Fig. 10(b). It appears that for
w = 0.7, high pressure-sensitivity can reduce the sustainable stresses in the matrix material to levels insuﬃ-
cient to trigger microvoid cavitation, thus limiting the extent of microvoid interaction.(a)
(b)
Fig. 11. Contour maps of deformed void shapes for a = 0 and 15 at several loading instants for (a) w = 0; (b) w = 0.7. r0/E = 0.01,
m = 0.4, N = 0.1.
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A numerical study pertaining to the eﬀects of pressure-sensitivity and plastic dilatancy on void growth and
interaction has been performed. Homogeneous deformation is ﬁrst assumed by subjecting a representative
unit-cell, containing a single void, to physical stress states similar to highly stressed regions ahead of the crack.
Our computations show plastic dilatancy to have some eﬀect in raising the post-peak stress levels, resulting in
a larger work of separation. The eﬀects of pressure-sensitivity are more pronounced: under an externally
applied load, an increase in pressure-sensitivity of the material severely lowers its stress-carrying capacity.
The mechanical strength of the material is further weakened by an increasingly oblate void. In polymeric
materials, the higher initial porosities and pressure-sensitivity levels (compared to metallic materials) can
reduce the critical stress responsible for void instability to levels comparable to the initial yield strength.
Our study also suggests that the damaging eﬀects of internal pressure can be less severe for a pressure-sensitive
material. This observation is of importance in IC packages, since the porous adhesives and molding com-
pounds are often susceptible to moisture-induced void growth.
The void interaction eﬀects in pressure-sensitive dilatant solids containing two population of cavities of
diﬀerent size-scales has also been studied. The microvoids can originate from inclusions and second-phase
particles in metals, or from crazing in polymers. Our investigations show that microvoid interaction and pres-
sure-sensitivity can work in concert in reducing the stress carrying capacity of the material. The former is
responsible for the post-peak stress drop while the latter controls the sustainable peak stress level. The relative
contribution of these parameters is observed to be loading dependent.
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Appendix A
For a spherical cavity in a ﬁnitely deformed incompressible solid subjected to internal vapor pressure p and
externally applied radial stress rAr , Guo and Cheng (2001) showed that the radial equilibrium solution takes
the formrAr þ p
r0
¼
Z e2
e1
HðeÞde
1 expð3e=2Þ ð26ÞHere, the uniaxial relationship between true stress and logarithmic strain of the material is described by
r/r0 = H(e). For an elastic–plastic power law hardening solid, H(e) = e/e0 if jej < e0; otherwise H(e) =
(jej/e0)Nsign(e) where e0 = r0/E is the reference strain. The lower and upper integration limits e1 and e2 in
(26) are the two-end strains of the void, which can be determined solely by the current and initial void volume
fractions f and f0e1 ¼ 2
3
ln
f0
f
1 f
1 f0
 
; e2 ¼ 2
3
ln
1 f
1 f0
 
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